Abstract. -The viscoelastic effect on the hydrodynamic relaxation in semi-dilute polymer solutions is investigated. From the linearized two-fluid model equations we predict that the dynamical asymmetry coupling between the velocity fluctuations and the viscoelastic stress influences on the hydrodynamic relaxation process, resulting in a wave number dependent shear viscosity.
Previously, Doi and Onuki [1] showed that the diffusion process is drastically influenced by the dynamical asymmetry coupling between the concentration fluctuations and the longitudinal mode of the viscoelastic force (stress-diffusion coupling). Their analysis predicted an additional wave number dependence of the diffusion coefficient due to the viscoelasticity, which was confirmed by the recent experimental studies (see for example Ref. [2] ). However, in their analysis the very viscous systems without the velocity fluctuations were assumed, so the effect of the viscoelasticity on the relaxation of the velocity fluctuations (hydrodynamic relaxation) was not investigated. Here we take the transverse parts of the viscoelastic force and the velocity fluctuations into consideration. We shall then show that the dynamical asymmetry coupling between these transverse modes has a strong influence on the hydrodynamic relaxation, resulting in a wave number dependent shear viscosity.
In the present analysis we use the two-fluid model [3, 1] as the basic equations describing the dynamics of polymer solutions. The two-fluid model was put forward by Brochard and de Gennes [3] . Later, the current form of the two-fluid model was derived by Doi and Onuki [1] . It has been successfully used to explain various phenomena such as shear induced concentration fluctuations [1, 5, 6, 7] , non-exponential decay in dynamic scattering near equilibrium [3, 1, 8] , phase separation dynamics [4, 9, 10, 11] , and so on. Here we briefly survey the two-fluid model equations. The readers who want to know the details of the two-fluid model, see the original paper [1] or excellent reviews [4, 11] .
Let v p (r, t) and v s (r, t) be the average velocities of polymer and solvent, respectively, and ψ(r, t) is the volume fraction of polymer at point r and time t. ψ satisfies a conservation law with v p :
The volume-averaged velocity v = ψv p +(1−ψ)v s obeys the following hydrodynamic equation
where ρ is the average mass density, η 0 is the solvent viscosity, F is the free energy functional, σ p is the viscoelastic stress, and the hydrostatic pressure p is determined by the incompressibility condition
For slow motions, the two-fluid model gives the convective velocity of polymer v p as
where ζ(ψ) is the friction coefficient between the two components, and is given by
Here ξ b is the blob length of order b/ψ, with b being the monomer size. Eqs. (1) and (4) imply that the non-vanishing viscoelastic stress produces a diffusion. This effect is called the stress-diffusion coupling. The viscoelastic stress due to the network deformations is given bŷ
This form is derived from the free energy functional introduced in Eq. (8) shown below. Here G(ψ) is the ψ dependent shear modulus,δ denotes the unit matrix andŴ can be understood as being a long lived strain variable. We assume that the equation of motion ofŴ is given by the following dynamic equation [9, 10, 11] ,
where τ (ψ) is the ψ-dependent relaxation time of shear stress.
Now we shall investigate the relaxation dynamics of concentration fluctuations and velocity fluctuations within the linearlized approximation of the above set of equations. We set c 0 = c(ψ 0 ), τ 0 = τ (ψ 0 ) and G 0 = G(ψ 0 ) with ψ 0 being the average concentration. The free energy functional is assumed to be of the following Ginzburg-Landau type
where δW ij = W ij − δ ij . The Fourier transform of an arbitary function g(r) is defined by
In terms of the Fourier components of the linearized equations are given by ρ ∂v
where v ⊥ k is the transverse part of v k ,k = k/k, and
is the dynamical asymmetry parameter of the polymer solutions [1, 9] . The kinetic coefficient L is given by
The decay rate in the absence of the viscoelastic coupling is given by
The viscoelastic force f is defined as follows:
For the present purpose, it is convenient to decompose the Fourier transform f k of the viscoelastic force into the longitudinal and the transverse components,
Let us set
From the linearized equations (10)- (13), we obtain the following two sets of equations of motion for the longitudinal modes and the transverse modes.
For the longitudinal modes, we obtain
where Z k = ik · f || k and ξ ve is a viscoelastic length or a magic length defined by
This length was first introduced by Brochard and de Gennes [3] . The physical significance of the viscoelastic length has been discussed by many researchers (see for example Ref. [4] and [11] ). For the transverse modes, we obtain
From Eqs. (21) and (22) the dynamic structure factor S k (t) is given by
where < · · · > denotes the equilibrium average and
This form of the dynamic structure factor was first proposed by Brochard and de Gennes [3] on the basis of a phenomenological argument. Afterwards, Doi and Onuki [1] derived the same form of the structure factor by analysing their two-fluid model equations which is employed in the present analysis (see also Ref. [9] ).
The viscoelasticity is characterized by the complex shear modulus G * 
From the Eqs.(24) and (25), the total shear stressσ k (t) is expressed aŝ
where [kv
which are non-local both in space and time. The complex shear viscosity is given by
gives the shear viscosity for long time scale motion (ω ∼ = 0) as
where we have defined η p ≡ G 0 τ 0 . The asymptotic behavior of η k (0) is represented by
For polymer solutions the two-fluid model gives the viscoelastic length as [1, 11] 
Thus, Eq.(36) is also expressed as
which explicitly shows that the hydrodynamic interaction becomes weak beyond the blob length ξ b . It is worth mentioning that this property is due to the dynamical asymmetry coupling (α = 0) between the viscoelastic stress and the velocity fluctuations. For polymer solutions, it is well known that the diffusion process is drastically influenced by the dynamical asymmetry coupling between the longitudinal modes, namely the so-called stress-diffusion coupling [3, 1] . The present analysis shows that the dynamical asymmetry coupling between the transverse modes is also important for the hydrodynamic relaxation process. Previously Edwards and Freed also discussed the same effect for polymer solutions by a microscopic arguments [13, 12] . However, they considered a system where polymers are assumed not to be entangled. The present result is due to the collective motion on a scale of the viscoelastic length, ξ ve , resulting from the entanglement of the polymers.
We now investigate more general situation. Within the linear regime the total shear stresŝ σ k (t) can be written asσ
whereκ
G 
With the aid of Eqs.(31) and (32), the inverse Laplace transformation of Eq.(41) gives
